Abstract. The polynucleotide ligase isolated from T4-infected Escherichia coli was previously shown to bring about repair of breaks in the single strands of bihelical DNA. The present work shows that the enzyme can also catalyze the joining of DNA duplexes at their base-paired ends. This novel reaction occurs -hen the deoxynucleoside at a 5'-end carries a phosphate group and the complementary deoxynucleoside opposite to it carries a 3'-hydroxyl group. The consequence is the lengthening of the original duplex to form dimers or oligomers depending upon whether one or both ends are base-paired.
Total synthesis of the double-stranded DNA, that is the gene, corresponding to the major yeast tRNAAla has recently been reported from this laboratory.' The gene was divided into three parts and each part consisted of several chemically synthesized deoxyribooligonucleotide segments. The synthesis of the A part ( Fig. 1) was first attempted by using segments 2, 3, and 4, carrying 5'-phos-20 19 I8 17 6 15 14 13 12 11 10 9 8 7 6 5 4 3 2
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I, (2) phate end groups, together with segment 1, which did not carry a 5'-phosphate end group. In these experiments, while the joining of segment 2 to segment 3 went to completion, no joining of segment 4 to segment 1 was detected; instead, the major product formed was a dimer conlsisting of segments 1, 2, and 3, the structure of which is shown ill the inset to Fig. 2 . This result was due to the self-complementary nature of the protruding C-C-G-G single-stranlded end ill the duplex consisting of segments 1, 2, and 3. It is recalled that the A part of the gene was required to carry a 5'-phosphate group at the terminal deoxycy- Figure. The reaction mixture contained, in a total volume of 5014, 100 pmol of segment 1, 130 pmol of (weak) 33P-labeled segment 2 and 120 pmol of 5'-32P-labeled segment 3, 15 mM TrisHHUl, (pH 7.6), 10 mM MgCl,, 10 mM dithiothreitol, and 66 ,uM ATP. Before addition of the ligase, the mixture was heated to 700C and then cooled to 150C in about 20 min. The ligase (40 units) was then added and incubation was at 150C. Aliquots were withdrawn at intervals and assayed for sensitivity to alkaline phosphatase by the DEAE-cellulose paper assay.5 The kinetics of joining are shown in the inset. The reaction was stopped by adding EDTA (final concentration, 30 mM) and the solution applied to an Agarose-0.5 m column (100 X 1.2 cm). Fractions of about 0.6 ml were collected every 20 min. and analyzed for 32P content by spotting 5 ,ul aliquots on filter papers and counting in a Packard Tri-Carb Scintillation Spectrometer. Fractions were pooled as shown.
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tidine unit (left end of the bottom strand) for the subsequent linking of the A part to the B part of the gene.' To circumvent the dimer formation two approaches were investigated. In one successful approach, segment 1 was joined to the 5'-phosphorylated segment 4 in the presence of nonphosphorylated segment 3. The resulting icosanucleotide (segments 1 + 4) was isolated free from segment 3 and was then used as a template for the joining of phosphorylated segment 2 to segment 3, the latter segment now containing the required 5'-phosphate end group. In the second approach, the segments 1-4 were all to be present in the joining reaction mixture but with the important difference that, in addition to segment 1, segment 3 was to be provided in the unphosphorylated form. The resulting A was then to be phosphorylated with polynucleotide kinase, a reaction which would result in the phosphorylation of the deoxythymnidine unit at the 5'-end of the top strand in addition to the desired phosphorylation of the terminal deoxycytidine unit in the bottom strand of A. It was during work on this approach that a novel property of the T4-polynucleotide ligase was discovrered; the present paper reports onl this finding. In brief, the enizyme brings about end-to-end joining of base-paired duplexes when the nucleoside at a 5'-end carries a phosphate group and the complementary nucleoside opposite to it carries a free 3'-hydroxyl group. Thus, in the case of the dimer shown in Fig. 2 , the reaction leads to oligomer formation. In the case of the duplex C (Fig.  1) , when the deoxyguanosine unit at the base-paired 5'-end is phosphorylated, the reaction leads to "head-to-head" joining to form the dimer shown in the inset to Fig. 4 .
Materials and Methods. Materials: The segment 1 (Fig. 1) Methods: The methods used for phosphorylation of the 5'-hydroxyl groups of deoxyribopolynucleotides and for the joining reactions have been described."5 The procedures for degradation of the joined products to 5'-and 3'-nucleotides were as have been described,6 except that the incubation mixtures contained, in addition to the radioactive DNA, 15 nmol of calf thymus DNA/0.1 ml reaction mixture. When the degradation to 3'-nucleotides was preceded by removal of the radioactive 5'-phosphomonoester group, the procedure used was as follows. After incubation with the bacterial alkaline phosphatase, the reaction mixture was made 67 mM with respect to Na glycinate buffer, pH 10.4, and was boiled for 30 min to completely inactivate the phosphatase. The degradation to 3'-nucleotides was then performed as previously.6 The 3'-or 5'-nucleotides were separated by paper chromatography in the solvent, 0.1 M sodium phosphate (pH 6.8)-ammonium sulfate-n-propanol (100 ml: 60 g: 2 ml), as well as by paper electrophoresis in 0.05 M citrate buffer (pH 3.5) at 35 V/cm.
Gel filtration was performed on columns of Agarose 0.5m (a product of Bio-Rad Lab., Calif.) at 5°C, with 0.1 M triethylammonium bicarbonate as the eluent.
Results. 1. Dimer formation using unphosphorylated segment 1, 5'-33P-labeled (weak) segment 2, and 5'-32P-labeled (strong) segment 3: A mixture of segment 1 bearing a 5'-OH group at the deoxythymidine terminus, 5'-phosphorylated segment 2 ("3P) and 5'-phosphorylated segment 3 (32P) was used, the radioactivity in segment 2 being negligible relative to that in segment 3. The joining reaction was followed by determining the radioactivity (32P) rendered resistant to alkaline phosphatase. The kinetics, the structure, and the isolation of the dimer are shown in Fig. 2 . 98% of the radioactivity in peak 1 was resistant to the alkaline phosphatase (1041 cpm out of an input of 1062 cpm, according to the DEAE-cellulose paper assay5). On degradation to 3'-nucleotides, radioactivity was found only in dTp, insignificant radioactivity being present in any of the other 3'-nucleotides (for example: dTp, 2004 cpm: dCp, 19 cpm: dAp, 15 cpm: dGp, 25 cpm). The position of elution of the product from the Agarose column, complete resistance of the 32p, as well as of the 33P label, to the phosphatase, and the results of the degradation to 3'-nucleotides all characterize the product as the dimer shown in Fig. 2. 2. Oligomer formation using 5'-33P-labeled segment 1 and 5'-32P-labeled segment 3: In contrast with the above experiment, in which segment 1 carried a free 5'-OH end group, the present experiment used 33P-labeled segment 1. Otherwise, the radioactive labeling, as well as the conditions used for the joining reaction, were identical to those described in the preceding experiment. The kinetics of joining were measured by the development of phosphatase- on the Agarose-0.5m column was as in Fig. 2 .
EFFLUENT VOULUME (ml) resistant radioactivity, both 32p and 33P, and are shown in the inset to Fig. 3 . Thus, in addition to 32p, 33p was also involved in the joining reaction. Further, the joining reactions involving both the 32p and 33P labels were initially rapid but there was a significant difference in rates with an increase in time. The addition of a further amount of the ligase after 3 hr made no appreciable difference. The products obtained were separated using conditions identical to those in the experiment of Fig. 2 . The elution pattern, plotted in Fig. 3 , shows (i) that the product is heterogeneous and (ii) that the bulk of the product is larger in size than the dimer shown in Fig. 2 . The products in the two peaks, pooled as shown, were analyzed for susceptibility to alkaline phosphatase. The material in peak I was 93% resistant to the phosphatase with respect to 32p (711 out of 769 cpm) and 82% resistant with respect to 33P (320 out of 390 cpm.). Peak II was 85% resistant to the phosphatase with respect to 32p (716 out of 836 cpm) and 65% resistant with respect to 33P (300 out of 457 cpm). Formation of the dimer shown in Fig. 2 would leave the 33P label completely susceptible to the phosphatase. The fact that the bulk of the radioactivity in 33P was rendered resistant to the phosphatase shows that the 5'-deoxythymidine terminus was involved in phosphodiester bond (or in the activated AIMP-pyrophosphate) formation. That not all of the 32p in the products was phosphatase-resistant shows that the process of dimerization as shown in Fig. 2 was not complete. Next, the products in peaks I and II were degraded to 3'-nucleotides; the product in peak II was first treated with phosphatase. As seen in Table 1 , all of the 32p radioactivity was found in dTp, as was expected, but the new result was that the bulk of the 33P radioactivity was present in dAp. Some 15% of the total radioactivity in 33P moved on paper chromatograms between dAp and dGp. For peak I, the last-mentioned result could be partly due to the presence of some of the unreacted [33P ]phosphomonoester group at the 5'-deoxythymidine terminus and, partly, due to the presence of the corresponding activated derivative (a pyrophosphate of A.I\[P with terminal [31']dTp; unpublished data), while for peak II, only the latter type of derivative would account for the result.
3. End-to-end dimerization of C: The synthesis of C (Fig. 1) , containing segments 11-15, was performed as described.' The preparation, which contained significant radioactivity (33P) only in the 5'-position of the terminal deoxyadenosine unit (see inset to Fig. 4 ) was phosphorylated at the 5'-deoxyguanosine end with [y-32P]ATP and the polynucleotide kinase. For characterization, the labeled product was degraded to 5'-nucleotides. While the bulk of 32p was present in pdG(3880 out of 4845 cpm), a small amount of this radioactivity was also present in pdA (395 cpm.) This result indicates that some (5-10%) exchange of the 33P label initially present at the terminal pdA had occurred (polynucleotide kinase can catalyze such an exchange with ATP; K. Kleppe, unpublished data). Some radioactivity in pdC and pdT was also noted (250 and 320 cpm, respectively). The reason for this is not clear, but this could be due to the presence of some unphosphorylated segments in the preparation. The phosphorylated C was now treated with the ligase. A rapid joining reaction involving 32p was observed (kinetics in the inset in Fig. 4) while the phos- phatase-susceptibility of the 33P label was entirely unaffected. Therefore, only the phosphomonoester group at the base-paired end had been involved in a joining reaction. The mixture was separated after a 4-hr reaction period. A symmetrical peak preceding some unreacted C was obtained (Fig. 4) ; the position of its elution indicated a size larger than that of C. For comparison, the position determined separately for elution of the material representing the (B + C) part' of the gene under identical conditions is shown by the dotted lines in Fig. 4 . The two peaks obtained above were pooled separately and analyzed. The 33P label in both peaks was completely sensitive to the phosphatase. The 32plabel in peak I was mainly resistant (1942 out of 2073 cpm); the sensitivity of a small portion was probably due to the presence of 32p in the terminal deoxyadenosine, the 33P of which had exchanged with 32p during the kinase reaction (see above). Peak II consisted largely of unchanged fragment C together with an activated portion (pyrophosphate linkage with AMP). Degradation of peak I to 3'-nucleotides, after a phosphatase treatment, gave most of the 32p label in dCp (Table 1) . 4 . Additional experiments on end-to-end joining: Two shorter duplexes, each containing one base-paired end and one protruding single-stranded end were also studied and gave results which support the above conclusion. Thus, when the duplex consisting of 32P-labeled segment 1 and unphosphorylated segment 2 was exposed to the ligase, development of phosphatase-resistant radioactivity was indeed observed but the reaction was very slow. This was not surprising in view of the very short size of the duplex involved. Repeated addition of the enzyme during several days incubation at 50C brought the level of resistance to about 40% of the input radioactivity. Degradation of the resulting phosphatase-resistant product to 3'-nucleotides gave dAp as the only radioactive mononucleotide (792 cpm; 82%), the remainder of the radioactivity was spread throughout the chromatogram.
Similarly, treatment of the duplex consisting of segment 14 and [32P]phosphorylated segment 15 with the ligase resulted in phosphatase-resistant radioactivity. The extent of resistance was 48% of the input radioactivity in a 12-hr reaction period. The product was separated from the starting duplex on a Sephadex G-50 column, and from its position of elution relative to the starting material was clearly of higher molecular weight. On degradation to 3'-nucleotides, the bulk of the radioactivity (3183 cpm; 83%) was in dCp, the remainder (641 cpm; 17%) was in dGp. The presence of radioactivity in dCp again shows joining of the base-paired ends. The presence of some radioactivity in dGp is probably due to the head-to-tail joining of two molecules of the segment 15 while these are held in apposition by complex formation with one molecule of the dodecanucleotide. Inspection of the single-stranded part of the duplex containing segments 14 and 15, in correctly base-paired position, shows that it can complex with another molecule of segment 15 (4 G-C base-pairs) although there will be mismatching (deoxyguanosine opposite deoxyadenosine) at the 5'-end of the second molecule of segment 15. A ligase-catalyzed joining at the site of a mismatched base-pair (deoxycytidine opposite deoxyadenosine) has previously been demonstrated to occur in this laboratory (unpublished work) as well as by Tsiapalis and Narang.7
Discussion. Several DNA duplexes of defined nucleotide sequence were studied; in every case evidence was obtained for the involvement of the completely base-paired ends ill joining reactions to yield products of higher molecular weight. Analysis showed consistently that diester linkages had beei formed between the terminal deoxynucleosides carrying 5'-phosphate and 3'-hydroxyl groups. Two alternative mechanisms can be considered for the observed reactions. The first would be a bimolecular mechanism in which two molecules of the duplex are brought in proper juxtaposition so that the 5'-phosphate end group of one duplex is held in apposition to the 3'-hydroxyl end group of a second duplex. Two phosphodiester bonds would thus be made essentially simultaneously and the joined duplexes would have their nucleotide sequences inverted with respect to one another. A second, less likely, possibility would be that the joining reaction is intramolecular'. The ntucleotides at and near the matched terminus of the duplex could be frayed and the 5'-phosphate group and the 3'-hydroxyl group could be brought in juxtaposition by the enzyme. The resulting hairpin structure could then melt out and anneal bimolecularly to form the continuous dimeric duplex.
Whatever the mechanism of the joining reaction herein described, the reaction is radically different in character from that previously established for the enzyme. It is therefore very important to consider whether two different enzymes or even two different forms of the same enzyme are responsible for the two types of reactions observed. Further work is necessary to settle this question: however, the present reaction has been observed with three different preparations of the T4-ligase, which differed somewhat in specific activity and a good deal in their age.
The reaction now described could clearly be of great biological significance. Previously, the ligases have been considered for their possible role in DNA replication and in genetic recombination. The activity now found may be important in gene duplication, gene inversion, and in genetic recombination by a mechanism not envisaged previously. Duplexes containing completely basepaired ends that are required for the present activity may arise in a number of ways. Endonucleases may make simultaneously double cuts in a bihelical DNA to yield the required structures directly. Alternatively, duplexes containing single-stranded ends may first be stripped of the latter by specific exonucleases or may be repaired by a DNA polymerase to yield completely base-paired ends. These could now be joined according to the reactions herein described.
Finally, Weiss9 has recently reported on terminal cross-linking of DNA strands by an enzyme system that was shown to consist of the T4-ligase and another activity concluded to be probably an exonuclease. The available data do not allow a firm decision whether the enzyme system studied by Weiss is identical to or different from that catalyzing the reaction herein described. 
